An assessment of radiofrequency (RF) power deposition independent of the information provided by MRI scanners is thus desirable. We developed a novel scanner-independent RF dosimeter based on measurements of the resistance of a thermistor that dissipates the RF power during scanning. With the RF dosimeter, the RF power deposition for four MRI sequences with specific absorption rate (SAR) values (0.1-3.3 W/kg) was measured on five different scanners and the correlation between the RF dosimeter reading and the SAR levels calculated by the scanners was investigated. The novel RF dosimeter showed a linear relationship between the RF power deposition and the scanner-reported whole-body averaged SAR for each scanner. However, there was a variability in the reading among different scanners. The RF dosimeter readings were 9.7 and 9.5 mW on GE 1.5 T (SAR=2.6 W/kg), 3.6 and 3.7 mW on Philips 1.5 T (SAR=3.3 W/kg), 9.5 and 8.6 mW on Siemens 3 T (SAR=3.0 W/kg), and 4.7 and 3.9 mW on Philips 3 T (SAR=2.6 W/kg), respectively. The scanner-independent RF dosimeter developed in this study can play a significant role in checking the accuracy of scanners' SAR values as a standardized method for measuring the RF power deposition for MR safety.
| INTRODUCTION
Magnetic resonance imaging (MRI) generates images for medical diagnoses of diseases using a static magnetic field and time-varying electromagnetic fields generated by a radiofrequency (RF) transmit coil and x-, y-, and z-gradient coils, respectively. These time-variant electromagnetic fields induce electric current and voltage in the conductive human body when positioned inside a MRI scanner.
The eddy currents induced by the time-varying electromagnetic fields during an MRI scan can cause undesired heating of patients due to the deposition of RF power into the body, and this is a significant safety concern. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] It is thus necessary to determine the RF energy absorbed by the body in terms of the specific absorption rate (SAR). The SAR value is limited to 3.2 W/kg for the head and 4.0 W/ kg for body applications for durations of 6 minutes. 12 According to the Food and Drug Administration (FDA) of the US, the SAR limits should be 2 W/kg when averaged over the entire body for 15 minutes and 3.2 W/kg for the head for 10 minutes. 13 The risk of hyperthermic tissue damage is relatively serious for neonates and for children who cannot communicate verbally, as well as for patients who have insensate limbs and those who are under anesthesia during the MRI scan. Incorrect manufacturer-reported SAR values pertaining to clinical MR imaging systems have been acknowledged. parameters that can vary from scanner to scanner and may change over time. 14 Numerical calculations of RF energy deposition levels have been performed to predict SAR levels in anatomical models consisting of homogeneous cylinders, spheres, or heads. 1, 2, [17] [18] [19] [20] There is a large range of variability in SAR levels for different pulse sequences. Global and local SAR measurements at different magnetic field strengths and measurement of exposure to different RF coils were performed. [21] [22] [23] [24] Commercial MRI scanners provide an estimated SAR level for each scan; this level is calculated from the RF waveforms and sequence parameters, system calibration, coil Q factors, etc. The system calibration and coil Q factor can drift over time, rendering the estimated SAR less accurate. It is also conceivable that a malfunction of the quadrature RF transmit coil can generate RF with higher levels of the counter rotating component, resulting in higher than expected power deposition levels. Direct estimation of SAR values independent of the level calculated by MRI scanners is therefore desirable. A prototype RF dosimeter developed for SAR measurements used a digital oscilloscope to record the amplitude and waveform of RF pulses. 14 However, it relied on a small sphere-shaped phantom containing CuSO 4 -doped water, which is not appropriate as a human torso model. A prototype SAR dosimeter with two orthogonal, rectangular RF transducer loops was developed for an adult human torso at 3 T. 16 The authors employed expensive equipment including a digital oscilloscope, which may not be readily available in a clinical setting. In this study, we developed and tested a novel, low-cost RF dosimeter for measuring changes in the resistance of a thermistor that is sensitive to temperature variations with a human torso phantom during MRI scans. In addition to having low cost, it can provide the same information reliably as using a digital oscilloscope, but without the need to carry out power integration explicitly.
| MATERIALS AND METHODS

| RF dosimeter design and construction
A prototype RF dosimeter was constructed (Figure 1 ). The B field was converted to electric voltage by a 10910 cm 2 copper-striped coil loop that was connected through a 50 Ω coaxial cable to a circuit consisting of a thermistor (Negative Temperature Coefficient (NTC) type, 68 Ω at 25°C, resistance range=22 Ω-470 kΩ, Model ERT-J0EA680J, Panasonic Electronic Components, Secaucus, NJ, USA), one RF choke (inductance=21 lH and resistance=145 Ω), three capacitors (0.02 lF, 10 lF and 0.1 F), one resistor (160 Ω), and one battery (1.5 V) located outside the magnet room.
The electric circuitry containing the thermistor was inserted into a Styrofoam insulated box to prevent heat transfer from surrounding heat sources due to the sensitivity of the thermistor. The RF power dissipated in the thermistor caused its temperature to increase by 0.55°C/mW, with a resulting decrease in the resistance. With RF filter circuitry, the dissipated RF power-induced resistance change in the thermistor was measured from the DC voltage across the thermistor driven by an applied DC current (26.3 mA at room temperature) during the MRI scan. The dissipated power on the thermistor caused by the DC current was 1.1 mW at room temperature.
| Calibration
Using an RF synthesizer (PTS 310, Programmed Test Sources Inc., Littleton, MA, USA), the time constant of the prototype RF dosimeter circuit in response to a change in the RF power was measured by calculating the amount of time the circuit took for the voltage to change by 63% from the initial value to the final value in a transient situation. The RF dosimeter was calibrated irrespective of the MRI scanners by connecting the RF synthesizer through an RF power amplifier to the input of the dosimeter. The maximum power output of the RF synthesizer was 13 dBm, and the RF amplifier had a gain of 40 dB. 
| RF power measurement
The RF dosimeter was tested on five MRI scanners: an Achieva 1.5 T (Philips Healthcare), a Signa Excite 1.5 T (GE Healthcare), a Magnetom Verio 3 T (Siemens Healthcare), and two same model Achieva 3 T (Philips Healthcare) systems. With the RF dosimeter, the dosimeter voltages for three different MRI sequences with SAR values (1.48-2.5 W/kg) were measured on various scanners at two discrete magnetic field strengths. The baseline voltage prior to the MRI scan and the stabilized voltage during the scan were measured and the difference between the two voltages was calculated for each SAR level. The RF excitation power was transmitted by an integrated RF body coil (Multi-transmit mode=No at Philips 3T). A four-or eightchannel body array coil was employed as a receive coil in this study. The voltages were converted to power values and then a resultant power on each side was obtained simply by adding two orthogonal powers as:
where P v =measured power in a vertical coil loop and P h =measured power in a horizontal loop.
We investigated correlation between the total deposited power and the SAR levels calculated by the scanners.
| Human torso phantom morphology
Two pairs of orthogonal coil probes were placed in a cylinder-shaped human torso phantom (50 cm (L)943 cm (W)928 cm (H)), which was constructed on the basis of U.S. anthropometric reference data 25 ( Figure 2 ). The airtight plastic phantom container (15 mm thickness) was filled with a volume of 16.6 L of a hydroxy-ethyl cellulose (HEC) gelled-saline solution consisting of 25.7 g of NaCl, 514.6 g of HEC powder, and 16.6 L of distilled water, simulating human tissue, as described in the American Society of Testing Materials (ASTM) International standard method for SAR measurements. 26 The gel thermal properties (thermal diffusivity= 1.4910 À7 m 2 /s and heat capacity=4156 J/(kgÁ°C)) were measured with a thermal property analyzer (KD2, Decagon Devices Inc., Pullman, WA, USA). The electric conductivity (r=0.49AE0.04 S/m) and relative electric permittivity (e r =76AE19) of the gel solution were measured at 64 and 128 MHz using a dielectric assessment kit (DAK-12, SPEAG Ltd., Zurich, Switzerland). A vacuum was created in the phantom container to eliminate air bubbles in the gel phantom. We repeated the measurements ten times at two orthogonal probe orientations to detect the B field flux in the vertical and horizontal directions and averaged them for each sequence with different SAR values. A least-square fitting of the measured data was performed.
| Independent SAR assessment using diffusion measurement
On each MRI scanner, the heating of the gel phantom caused by an image sequence was independently assessed by the changes in the mean diffusivity (MD) value before and after running the image sequence. 26 The pulse sequences and acquisition parameters are summarized in Table 1 . A region-of-interest (ROI)-based MD calculation was performed for the SAR measurements. In the ROIbased quantification, the average signal intensity within four ROIs as shown in Figure 3 for the b=0 image and each high b diffusion-weighted image was measured fist.
Using these values, a diffusion tensor was calculated, and MD value was obtained. The water diffusion coefficient in the gel was practically identical to that of free water, 27 and the diffusion coefficient (D) was very sensitive to the temperature (T). 28 The temperature was calculated using the following equation:
where D 0 =1.635910 À8 m 2 /s, T s =215.05 K, and c=2.063.
For each study, the phantom was placed in the scanner room for at least 24 hours to establish thermal equilibrium with the environment. The same phantom weight (20 kg) was entered into the MRI system at registration. First, the SAR value induced by the diffusion tensor imaging (DTI) scan was measured from the torso phantom on each MRI scanner. Second, in order to measure the SAR value caused by the image sequences, an axial DTI scan was initially methods=ASSEST (GE 1.5 T), SENSE (Philips 1.5 and 3 T) and GRAPPA (Siemens 3 T). The mean diffusivities of the phantom on four circular ROIs at the periphery of the phantom were measured and averaged for each DTI scan (Figure 3) , and the temperature change derived from the difference between the mean diffusivities was estimated.
The SAR values and the temperature change are related according to the equation below:
Here, C p (=4.18 kJ/(kgÁ°C)) is the specific heat of the phantom, MT is the temperature change in°C, and TA is the scan time of the pulse sequence. The first term on the right-hand side is the heating from the DTI sequence, and the second term on the same side represents the heating of the image sequences under investigation. One SAR measurement was performed in one MRI session, and then the phantom was placed in the scanner room for 24 hours to reach thermal equilibrium with the environment. SAR measurements were repeated at least 10 times for each MRI scanner and the mean and standard deviation (SD) were calculated. Percentage differences between the measured and reported SAR values on the MRI scanners were calculated.
| RESULTS
After the RF synthesizer was turned on to supply power, the voltage in the RF prototype dosimeter decreased exponentially and then reached a steady state at 27 seconds ( Figure 4) . The calculated response time constant of the RF dosimeter was 5 seconds. The minimum scan time among the four or five MRI sequences used in this study was 32 seconds. The reading stabilized to 99.3% of the final reading after 25 seconds. Therefore, it was feasible to use the RF dosimeter for measuring the RF power deposition for each MRI sequence.
The calibration of the RF dosimeter was done by plotting the measured voltage change in the RF dosimeter vs the input power derived from the RF synthesizer (Figure 5 ). The RF dosimeter shows a linear increase in the The multi-meter reading changed linearly with the input power level of the MRI sequences used in this study. The RF power input from the MRI scanners was in the calibration range. The measured relative RF power deposition increased linearly with the SAR values calculated by the GE 1.5 T MRI scanner (R 2 =0.99 on both sides of the phantom) ( Figure 6 ). The total deposited power levels induced by the highest SAR MRI sequence of 2.6 W/kg were 9.7 and 9.5 mW on the left and right side, respectively. (Figure 9 ). The deposited power levels induced by the highest SAR MRI sequence of 2.6 W/kg were 4.7 and 3.9 mW on the left and right side, respectively.
The results of the measured SAR values for each scanner are summarized in Table 2 . On the GE 1.5 T MRI system, the MRI scanner-reported SAR value was 1.58 W/ kg and the measured SAR value was 1.38 W/kg. On the Philips 1.5 T MRI scanner, the MRI system-reported SAR value was 1.48 W/kg and the measured value was 1.39 W/ kg. On the Siemens 3 T MRI system, the reported SAR value was 2.5 W/kg and the measured SAR value was 1.96 W/kg. On the Philips 3 T MRI scanners, the reported SAR value was 1.5 W/kg and the measured values were 1.94 and 1.96 W/kg. Percentage differences between measured and reported SAR values on the GE 1.5 T, Philips 1.5 T, 
| DISCUSSION
Accurate measurement of the RF power deposition into the body during an MRI scan is challenging. In this study, we created a relatively straightforward RF power deposition meter for RF dosimetry in MR imaging environments and investigated the feasibility of using the proposed RF dosimeter to measure SAR values during an MRI scan. The scanner-reported whole-body averaged SAR value can be significantly different compared with the actual RF power transmitted to the body. 15 An inaccurate MRI scanner-calculated SAR value gives rise to a loss of confidence in the scanner-reported SAR values and in their relationship with the MRI safety of patients. In addressing the need for independently checking the SAR reported by the scanners, we did not have a commercial RF power meter at our disposal. We developed an MRI scanner-independent RF dosimeter for accurate measurements of the RF power deposited onto the body during an MRI scan. The dosimeter actually senses transverse B1 field during the scan. The gradient field is rejected by high-pass filtering (cut-off frequency=0.14 MHz) using a 0.02 lF capacitor in the circuit.
The RF power deposition level is measured directly from the change in the DC voltage across the thermistor. The voltage changes measured by the RF dosimeter were found to be correlated with the SAR values calculated by the clinical MRI scanners. This dosimeter allowed us to quantify the relative power levels of different pulse sequences and compare the levels of different MRI scanners from various MR device manufacturers and different magnetic field strengths. The synthesizer used for the calibration of the RF dosimeter has continuous RF power and does not simulate an MRI pulse sequence. The results do not depend on the wave form because the average temperature increase is determined by the average RF power. The thermistor itself has thermal inertia, which is increased by the solder attached to it. The overall response time of the meter is 5 seconds, which is much longer than the spacing between RF pulses in an imaging sequence. Therefore, we measured only the average RF power. Our findings show a linear relationship between the RF power deposition and the scanner-reported whole-body SAR value on both sides of the human torso phantom. The RF power deposition increased with the SAR values, suggesting that the voltage changes measured by our RF dosimeter can be utilized as a direct measure of the RF input power level. It was also found that the two 1.5T scanners and one 3 T MRI scanner tested here had identical RF power deposition levels on both sides of the T A B L E 2 SAR measurement results using MR DTI from four MRI systems Image sequence  T1 TSE  T1 TSE  T1 TIRM  T2 TSE  T2 TSE   DTI scan phantom during an MRI scan. In comparison with these three MRI systems, the other two 3 T MRI systems showed that the measured RF power on the left side was not similar to that on the right side. This confirms that the dosimetric method of characterizing the RF power deposition level can be used to detect examples of asymmetric RF power deposition in MRI scanner bores. One limitation of this work is that how to translate the meter reading in mW into the actual SAR of the scan has not been established. Calibration by MRI scans with known SAR values on one MRI scanner will allow us to assess the SAR values of different scanners at the same B0 field. True SAR values could be measured with MRI thermometry on a phantom with similar geometry and electric properties of a human body. It is important to recognize that the SAR value will be sample dependent to some degree. Table 2 shows the poor reliability of the SAR values calculated by the MRI systems. Usually an MRI scanner-reported SAR is larger than the actual SAR, 16 but two same model 3T units of the five MRI scanners showed a higher SAR value than that reported by the manufacturer. An MRI system could produce higher than the expected power output. This could be caused by a malfunction of the RF transmit coil (eg, increased B counter-rotating RF component). The slopes in Figures 6-9 do not show good agreement with each other. This indicates that different MR manufacturers have different calibrations of SAR values, and furthermore the calibration procedure used is not known to the end user. Our results suggest that some vendors' SAR values may not be reliable, and can only be used as an approximate guide. Although our study was done using 1.5 and 3 T scanners, the same approach can be applied with higher B 0 fields. The scanner-independent RF dosimeter developed in this study thus can play a significant role in estimating accurate SAR values as a standardized method for measuring RF power deposition levels. The results of this study can give radiologists greater confidence when they scan patients clinically. In addition, this test can be used as a tool for quality assurance and calibration of MRI systems.
| CONCLUSIONS
A novel MRI scanner-independent prototype that can be used to measure SAR values was developed and demonstrated as a feasible alternative to the SAR values calculated by clinical MRI systems. The relative RF power deposition can be readily measured with this dosimeter.
